The optimal phenotypes to survive and reproduce in given evolutionary settings are often in conflict, which manifest as trade-offs in life history traits. Genome-wide association studies have been successful in uncovering genome regions controlling for life history trade-offs in a range of species [1] [2] [3] [4] [5] [6] [7] [8] . However, lack of functional studies of the discovered genotype-phenotype associations restrains our understanding how alternative life history traits evolved and are mediated at the molecular level. Here we establish a molecular mechanism by which allelespecific expression differences of the transcription co-factor vgll3 mediate variation in age at maturity in male Atlantic salmon (Salmo salar). By way of a common-garden experiment and temporal sampling of vgll3 expression, we show that vgll3 genotype and expression control male puberty timing in one-year old salmon. Vgll3 expression was high in immature testicular tissue and males entering puberty reduced their vgll3 expression by 66% compared to immature males. Testicular expression of the early maturation associated allele in immature males was constitutively lower compared to the late maturation allele, shifting the liability of early allele carriers towards earlier maturation. These results reveal how gene regulatory differences can be a central mechanism for the evolution of life history variation.
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Main text
Survival and reproduction often require trade-offs because size and age at maturity are at odds with the risk of dying before reproduction. The molecular basis of variation in life history traits and such trade-offs have thus far remained elusive. In Atlantic salmon, age at maturity is a key life history trait that is evolving under a trade-off of survival and fecundity 2, [9] [10] [11] . Genetic variation in a single genome region including the transcription co-factor gene vestigial-like 3 (vgll3) was recently found to explain nearly 40% of variation in sea-age at maturity across 57 Northern-European salmon populations 2 . The functional basis of this genotype-phenotype association remains unknown. Seeing that the strongest association in natural populations maps to a single nucleotide polymorphism (SNP) in a non-coding region adjacent to vgll3 2 , we hypothesized that genetic variation in linked cis-regulatory sequences (e.g. enhancers) underlie the functional differences among salmon vgll3 genotypes by changing their expression level or pattern.
To uncover the functional genetic basis of age at maturity variation in Atlantic salmon, we first validated that the genotype at the vgll3 locus on chromosome 25 (termed "E" for early sea-age at maturity and "L" for late sea-age at maturity after previous association study 2 ) is associated with age at maturity in controlled conditions by rearing 656 individuals with known vgll3 genotypes from 32 families in common garden conditions (Extended Data Fig. 1 ). Vgll3*EE males had a significantly higher probability of maturing during their first year compared to males with vgll3*LL genotypes (probit 95% credible interval: 0.52 to 3.42, P=0.007), which translates to 16% vs 0% difference in mean maturation probability, respectively ( Fig. 1 ). Males assessed for maturation status at the end of the experiment (twelve months post-hatch, vgll3*EE n=93, vgll3*EL n=199 and vgll3*LL n=92) revealed a 13 times higher frequency of maturity in individuals with vgll3*EE genotypes (39%) compared to individuals with vgll3*LL genotypes (3%, Extended Data Fig. 2 ). Maturation probability for males heterozygous for vgll3 was intermediate between the homozygotes, indicating an additive effect of vgll3 genotype on maturity timing in our experimental population. Results were unchanged when we modeled maturation probability with length of the fish as a covariate (Supplemental analysis). These results demonstrate that the vgll3*E allele associated with young sea-age at maturity in natural populations 2 is also associated with earlier maturation also in controlled conditions. Seeing that concordant results were observed in another wild-derived stock of Atlantic salmon 12 , the genotype-phenotype association between vgll3 and maturation timing seems to be reproducible in controlled conditions and common in North-European strains of Atlantic salmon. In order to investigate the functional mechanisms resulting in earlier maturation in males carrying the vgll3*EE genotype and to establish the tissues and temporal time-points of relevance for vgll3 expression, we first characterized vgll3 transcript expression profiles of ten tissues and whole salmon juveniles in a time-series of samples including 13 time points (total n=291, Extended Data Fig. 3 ). Vgll3 expression in the heart was high relative to other tissues ( Fig. 2a ), but also very variable, similar to results from three-year old juveniles from natural populations 13 . Interestingly, while vgll3 expression was high in immature testes, expression was reduced by 65% in mature testes compared to immature testes (-70 copies/ng [-93 -47], two-tailed t-test, df=25.9, P=1e-06, nmature=14, nimmature=65, Fig. 2b ). Vgll3 expression was similarly lower in stripped mature testes, containing mainly mitotic cell types, and in ejaculate, containing mainly mature sperm, compared to immature testes (-72 copies/ng [-111 -30], two-tailed t-test, df=21.8, P=0.002, nstripped=8, -115 copies/ng [-181 -50], df=6.6, P=0.005, nejaculate=4, respectively, Fig. 2b ). Taken together, these results indicate that among salmon tissues, vgll3 expression is high in immature testes and down-regulated upon the onset of male puberty.
To further understand how vgll3 expression changes in testes according to activation of the male puberty pathway, we compared vgll3 expression relative to the expression of amh, which is a repressor of male puberty and Sertoli cell differentiation, and igf3, which promotes spermatogonial germ cell differentiation [14] [15] [16] [17] . Clustering based on amh/igf3 expression ratio and vgll3 expression level revealed that mature testes were separated in gene expression space from immature testes (bootstrap LRT 18 P<0.0001) and characterized by both low amh/igf3 ratio and low vgll3 expression, indicating that down-regulation of both amh and vgll3 expression is commonly associated with completing puberty (Fig. 2c ). In sum, these results point towards a mechanism by which male puberty is associated with a down-regulation of vgll3 expression, corroborating previous studies that suggested vgll3 influences Sertoli cell differentiation 19 . These results led us to hypothesize that the observed higher incidence of maturation in vgll3*EE males may be linked to overall lower vgll3 expression in immature testes that have not yet entered puberty. We tested this hypothesis by comparing the testicular expression from immature individuals carrying different vgll3 genotypes. Vgll3*EE genotypes showed 20% lower expression compared to vgll3*LL genotypes (-22 copies/ng [-41 -3], two-sided t-test, df=33.8, P=0.024, nEE=13 nLL=23, Fig.  3 ). This is remarkable, since a 20% reduction in vgll3 expression in immature vgll3*EE individuals accounts for roughly one third of the reduction in testicular vgll3 expression associated with the transition to fully mature testes. Heterozygotes showed intermediate average expression levels that were statistically different from vgll3*EE but not vgll3*LL homozygotes (27 copies/ng [6 47 ], twosided t-test, df=50.3, P=0.012 nEL=42, Fig. 3 ). Using a regression analysis we found that, overall, vgll3 genotype explained 8.4% of variation in vgll3 expression in immature testes between vgll3*EE and vgll3*LL homozygotes (Pvgll3=0.048, Extended Data Fig. 4 ), while being stable across age (Page=0.38). The vgll3*EE genotype associated with lower average expression compared to vgll3*LL genotypes also in female gonads, although the difference was not statistically significant (Extended Data Fig. 5 ). The other two tissues with highest vgll3 expression levels, heart and adipose, did not show a clear dependency of vgll3 expression level on genotype (Extended Data Fig. 6 & Extended Data Fig. 7 ). Given the results above indicating that vgll3 down-regulation is required for maturation, lower expression in vgll3*EE individuals provides a plausible mechanism for the higher maturation probability in vgll3*EE males.
We next tested for cis-regulatory differences between the vgll3*E and vgll3*L alleles by analyzing vgll3 allele-specific expression using allele-specific probes within the same reverse transcription droplet digital PCR (RT-ddPCR) reactions. Expression level differences between the alleles in heterozygotes can be accredited to differences in cis-regulation because both alleles are being expressed in the same cellular trans-acting environment 20 . In immature male testes, allele-specific expression showed a tendency towards higher expression of the vgll3*L allele with on average 53% of the vgll3 mRNA molecules expressed from the vgll3*L allele ( Fig. 3b ). Thirty-three of the 47 heterozygotes analyzed (70%) showed significantly higher vgll3*L allele expression at P-value threshold of 0.05, while only one individual (0.02%) showed significantly higher vgll3*E allele expression at the same P-value threshold (Poisson rate-ratio test, Fig. 3b and Extended Data Fig. 8 ).
In terms of expressed mRNA molecules, the average magnitude of the cis-regulatory differences observed between vgll3*E and vgll3*L alleles was large enough to account for 62% of the average expression differences between vgll3*EE and vgll3*LL homozygotes. These results identify cisregulation as a major source of expression differences between vgll3 alleles in immature testes, which in turn associate with differences in male maturation probability. The functional basis of variation in life history traits and their trade-offs have thus far remained elusive. Genetic variation influencing cis-regulatory loci is known to be an important source of phenotypic diversity and a common source of evolutionary change e.g. [21] [22] [23] [24] [25] [26] [27] , and is a strong candidate for molecular mechanisms underlying variation in life histories. Altogether, the data presented here support a threshold model whereby vgll3 expression levels contribute to the liability of initiating maturation below an unknown threshold ( Fig. 4 ). Further, our findings suggest that cis-regulatory differences cause individuals carrying the vgll3*E allele to reach maturation with higher probability by quantitatively lowering the overall level of vgll3 co-factor being expressed, and thus shifting the liability towards early maturation. The transcription co-factor function of vgll3 suggests that such changes in vgll3 expression transmit downstream to expression changes in gene regulatory networks associated with cell proliferation and organ development 28 . Like its vertebrate and invertebrate homologs, the salmon vgll3 has been proposed to control cell differentiation through interacting with the TEAD-family of transcription factors 13, 29, 30 . Vgll3, like related co-factors in humans and Drosophila, is predicted to compete for TEAD accessibility with alternative co-factors downstream of the Hippo signaling pathway controlling for organ size (Yap/Taz co-factors) 28, 31 . Consistent with this, by re-analyzing RNA-sequencing data from immature, prepubertal and pubertal testes 15 , we found that vgll3 expression pattern correlates strongly and negatively with yap1 expression pattern (rho=-0.825, Extended Data Fig. 9 ). Salmon vgll3 expression was also found to negatively correlate with yap1 expression in early development 13 . Quantitative changes in competing co-factor abundances is a known mechanism for controlling cell differentiation 32 . Therefore, we hypothesize that constitutive changes in vgll3 co-factor abundance associated with the different expression levels of the vgll3*E and vgll3*L alleles influence the tendency of cell differentiation in immature testes by changing the stoichiometry of Vgll3-Yap competition for TEADs and further the balance between self-renewal (inhibition of differentiation) and differentiation. . Model for a molecular mechanism of vgll3 genotype-dependent liability in puberty timing. Hypothetical distributions represent the distributions of vgll3/yap relative abundances in individuals with given vgll3 genotypes. The association between vgll3 genotype and maturation timing arises from cis-regulatory differences influencing vgll3 expression. The vgll3*E allele tends to be expressed at a lower level, thus changing the stoichiometry of competition between vgll3 and yap. TEAD interaction with either vgll3 or yap tips the balance between self-renewal (vgll3) and differentiation (yap).
Here we have revealed key functional insights into the temporal expression dynamics and molecular mechanisms that translate genetic variation in a major effect locus to variation in life history strategies in Atlantic salmon. Our results suggest that gene regulatory differences may be central to evolution of life history strategies.
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Materials and Methods Crosses used in the study
We controlled-crossed eight 2x2 factorial matings of unrelated individuals that each included one vgll3*EE and one vgll3*LL male and female (see ref 12 for genotyping details), thereby resulting in 32 families with reciprocal vgll3 genotypes EE, EL, LE and LL (allele order denotes female and male parents of origin respectively, Extended Data Fig. 1 ). We used parents from the "Oulujoki" broodstock, which is a mixture of several salmon populations from northern Baltic rivers and is maintained by the Natural Resources Institute Finland (LUKE) 33 . All parents were selected for having a homogenous age-at-maturity-associated haplotype encompassing the vgll3 (chromosome 25 paralog) coding sequence, the top non-coding association 2 , and the coding region of the adjacent Akap11 gene (collectively referred to as "vgll3 genotype").
Husbandry design and conditions
Following fertilization, familial egg batch replicates were distributed randomly in two egg incubators. Rearing took place in four 0.25 m 3 tanks, with each tank including, on average, six individuals per family. Light cycle and water temperature (min=6.3, max=17.7 °C) during husbandry corresponded to the local seasonal cycle at 61°N. Fish were fed first with live Artemia for three days, after which we fed commercial aquaculture feed ad libitum (fine-ground Raisio Baltic Blend). Temperature, oxygen and nitrogen-component levels were monitored on a regular basis. Experimentation was conducted under animal experimentation license ESAVI/2778/2018.
Individual tagging and morphological measurements
Before first feeding and transfer to tanks (two months post-hatching) randomly selected 24 individuals per family and inserted visible elastomer (VIE) tags at the base of the caudal fin to identify individuals according to their vgll3 genotype by color (initial n=1300). At eight months post-hatching and before the onset of the first breeding season we tagged remaining fish using passive integrated transponder (PIT) tags and collected fin-clips. We extracted DNA using standard chelex or salt extraction methods, genotyped all fish for 141 informative SNPs 34 , assigned their genotypic sex based on genotyping coverage of the salmon sex determining locus sdy and assigned individuals to families using the likelihood method implemented in SNPPIT 35 . We recorded the length and mass of all fish monthly after PIT-tagging and assessed the maturity status of males by manually testing for the presence of running milt at 12 months post-hatching.
Statistical model of male maturation probability
We modeled the probability of males reaching maturity within their first year given their vgll3 genotypes by using a GLMM (generalized linear mixed model) approach to implement a genetic threshold model that takes full account of the relatedness among individuals 36, 37 . We estimated maturation probability using a generalized linear animal model with probit-link function under Bayesian Markov Chain Monte Carlo simulations with the R-software 38 version 3.6.1 and package MCMCglmm 39 for the following model: y = vgll3 + length + a + t +e , where y is a vector of maturation binaries, length is mean-centered and variance scaled natural logarithm of length (cm), vgll3 is the genotype, a is the additive genetic relationship-matrix predicted animal effect 40 , t is the common environmental tank effect and e the error term (with fixed variance of 1). We used priors following a " # distribution 41 and based inferences on 10,000 samples collected every 1,000 iteration after burn-in of 10,000. Model convergence and adequate sampling was ensured by visual trace plot inspection, autocorrelation < 0.1 for lag-2 parameter samples, and using Heidelberger and Welch's convergence diagnostic 42 .
Temporal sampling and RNA expression
We sampled individuals with vgll3*EE, vgll3*EL, vgll3*LE and vgll3*LL monthly (3-32 in total per genotype per time point) and assessed sex, gonad size and maturity by dissection. We sacrificed the animals by MS-222 overdose and dissected ten tissues (brain (timepoints 12-13 months post hatch); heart, liver, muscle (timepoints 3-13 months post hatch), adipose (timepoints 5-13 months post hatch); immature ovary (timepoints 6-13 months post hatch); immature testes (timepoints 7-13 months post hatch); mature testes (timepoints 8 and 10-12 months post hatch); stripped mature testes (timepoints 12-13 months post hatch) and ejaculate (timepoint 13 months post hatch)). We classified each male fish visually as immature (not enlarged, transparent color gonads), pubertal (slightly enlarged, transparent or white color gonads) or mature (enlarged white color gonads). We flash froze the samples on liquid nitrogen and stored the samples in -80 °C. We homogenized the tissues using an OMNI Bead Ruptor Elite machine, in 2 ml or 7 ml (for mature gonads) with 2.4 mm steel beads. We used Macherey-Nagel NucleoSpin RNA kits in single and in 96-well plate formats to extract total RNA and treated the samples with additional DNase (Invitrogen Turbo DNase) to remove any residual DNA. We verified total RNA quality using Agilent BioAnalyzer for a random set of 24 samples and found all samples to have RIN>9. We measured total RNA yield using ThermoFischer Qubit and Quant-it reagents, diluted the samples to working concentrations and re-measured RNA concentrations. For samples in Figs. 2 and 3 (all gonad samples) we repeated the RNA concentration measurement once more and calculated the mean of the duplicate measurements, which we used in data normalization (for details see Supplemental file 1). We used ~20 ng (2-8 months post-hatch) or ~50 ng (8-14 months post-hatch) of total RNA as template in one-step reverse transcription droplet digital PCR (RT-ddPCR) 43 (BioRad) with TaqMan probes specific to vgll3 alleles to quantify vgll3 absolute expression. Measurement of amh and igf3 expression was performed as above, with the exception of using ~2 ng of total RNA template and TaqMan probes that were labeled with alternative fluorophores and assayed in the same RT-ddPCR reactions. We verified the specificity of all used TaqMan assays with genomic and synthetic DNA templates and optimized melting temperatures using a gradient.
Expression and allele-specific expression analyses
We analyzed RT-ddPCR results using BioRad QuantaSoft software and imported the results tables to R. We used custom R scripts to (i) discard samples with less than 10,000 droplets that passed QuantaSoft quality filters, (ii) normalize the number of vgll3 mRNA molecules to the amount of input RNA and (iii) analyze the data and plot the results (for full analysis pipeline see Supplemental file 1).
For investigation of the effect of age/season and vgll3 genotype to vgll3 expression in immature testes and immature ovaries, we used the following regression model: y = vgll3 + x + e , where y is vgll3 total mRNA copies, x is days post-hatch, vgll3 is the genotype and e the error term. We tested the effect of vgll3 and x (days post-hatch) individually using a corresponding model.
We characterized the relative expression levels of the key male maturity genes amh and igf3 by way of Poisson modeling of expression rate-ratio for each sample. The number of positive droplets with expression signal in RT-ddPCR data follows a Poisson distribution with lambda being the rate of positives droplets over all droplets (https://www.bio-rad.com/webroot/web/pdf/lsr/literature/Bulletin_6407.pdf).
We calculated the Poisson rates of expression from amh and igf3 -positive droplets over the total amount of analyzed droplets (the rate ratio of amh/igf3 expression) using the R function poisson.test.
We tested for presence of distinct clusters of gene expression patterns on amh/igf3 and vgll3 expression space using Gaussian mixture modeling as implemented in the R package Mclust version 5 18, 44 . We chose the best fitting mixture of Gaussian distributions based on Bayesian Information Criterion using the function mclustBIC and further tested the best fit mixture model for the presence of more than one distributions using a bootstrapping likelihood-ratio test as implemented in the function mclustBootstrapLRT with 1000 bootstrap replications.
Testing of vgll3 allele-specific expression in heterozygotes was performed in a similar manner as above for amh/igf3 expression (test for Poisson rate ratio), with the exception that signal from positive droplets now represented expression from either the vgll3*E or the vgll3*L allele. We defined the expression rate of vgll3*E allele as the number of droplets positive for the vgll3*E probes over all probes that passes the QuantaSoft standard quality filter (including empty droplets), and correspondingly for the vgll3*L allele. We then tested for difference in Poisson rates for each individual heterozygote using the R function poisson.test and P-value threshold of 0.05. We calculated the null expectation for equal expression rates based on RT-ddPCR with replicates of vgll3 heterozygous DNA as template.
We re-analyzed RNA-sequencing data from immature, prepubertal and pubertal Atlantic salmon testis samples 15 in order to investigate the relative expression patterns of vgll3 and yap1 genes. We downloaded raw RNA-seq data for immature (SRR8479243, SRR8479245, SRR8479246), prepubertal (SRR8479244, SRR8479249, SRR8479250) and pubertal (SRR8479242, SRR8479248, SRR8479247) testes from the Sequence Read Archive and filtered the reads for quality using Fastp and default parameters 45 . We created an alignment reference with STAR 46 and the parameter --runMode genomeGenerate, using the Atlantic salmon reference genome and annotation files downloaded from SalmoBase 47, 48 . We aligned and quantified the quality-filtered reads using STAR in manual two-pass mode and with the following parameters: --outFilterIntronMotifs RemoveNoncanonicalUnannotated --chimSegmentMin 10 --outFilterType BySJout --alignSJDBoverhangMin 1 --alignIntronMin 20 --alignIntronMax 1000000 --alignMatesGapMax 1000000 --quantMode GeneCounts --alignEndsProtrude 10 ConcordantPair --limitOutSJcollapsed 5000000. We combined the read counts from STAR into a single table using a custom R script and normalized the data using Clust 49 (automatic normalization method: 101 3 4), so that expression patterns of genes could be compared independently from their total expression level. Last, we used custom scripts in R to analyze the co-expressed genes and plot the results. 
Supplemental analysis
We additionally modeled maturation probability as a function of vgll3 genotype and fish length, hypothesizing that early growth positively affects maturation probability 50 . Indeed, maturation probability positively associated with fish size before the start of the breeding season (eight months of age) (probit 95% credible interval: 0.12 to 0.95, P=0.011, Extended Data Fig. 10 ). Irrespective of size effect, the vgll3*EE genotype was still associated with a higher maturation probability compared to the vgll3*LL genotype (probit 95% credible interval: 0.54 to 3.35, P=0.007).
